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UNDERGROUND EXPLOSION TRIALS AT RAUFOSS i96S : 

BLAST MrAVE PROPAGATION FOLLO'VING A DETONATION 

IN A TUNNEL SYSTEM 

SUMMARY 

Thv» purpose of the present work was to examine the blast 
wave pressure to be expected at the entrance of a neigh- 
bouring chamber ir. an underground ammunition storage site 
when a I1 the explosives in a chamber detonate simultaneously. 

Blast wave propagation and temperature distribution in a 
simple tunnel system following a detonation wore observed 
for TNT charges from 100 to 5400 kg. 

The blast wave pressure measurements were fairly successful 
•v he re as the temperature measurements weis not. 

The peak pressures measured after firing a shot at the inner 
end of the tunnel were considc: »v-ly greater than the corre- 
sponding peak pressures measured after firing an equally 
sized    charge in the chamber.    This is due to the branch 
tunnel having an effect as a blast trap. 

A theoretical model to predict the expected peak pressure 
in the transport tunnel is discussed for shots fired in the 
chamber.     For a loading density of 200 kg TNT/m^ an air 
shock wave is predicted to have an overpressure within a 
range from 55 bars to 80 bars.     For a loading density of 
100 kg TNT/m^ the overpressure is expected to be within 
a range from 3 5 bars to 55 bars. 

INTRODUCTION 

Underground storage of ammunition presents safety problems which are 

substantially different from those connected with aboveground storage. 

The purpose of the present trials was to examine  several aspects of the 

safety of underground ammunition storage with a particular view to 

problems concerning the connected chamber type storage sites,  which 

are almost exclusively used in Norway.    The trials were a continuation 

of previous studies which have been described in various reports 

(Ref 1,   2,   3,   4). 
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The specific objectives of the p.'«»8» -nt trials were: 

- tonva.sui-   the  blast   v iv.       .?-! the t. rrp» raturc distr;bution    in a 

to&nel when .1 detonation occur . in   :n aa;oining chamber 

- to consider the blast wiv,.s in view of a theory which is described 

i tse where in this repoit 

- to t<st   1 blast door and  some other equipment against the blast and 

the ground shock from a detonation 

- to me is .r-   fn  :k pressur   s and pressure-time  his tor it: a in the blast 

wav«   outside the tunnel 

- to study th    amount and di itribution of debris ejected from the 

tunnel exit 

S. vv ral of the tests and measurements have been reported elsewhere 

(See  Ref 5,   6,   7,   f.). 

2        BACKGROUND INFORMATION / ND THEORY 

2 . 1 Expected general behaviour 

Some theoretical calculations havj been made in Rei 3   ir d 9 concerning 

the equilibrium pressure  and temperature expected in a closed storage 

Chamber when all the explosives cetonate  simultaneously.     It was 

c o.^'-dod trot after a few milliseconds have elapsed to a:l?w several 

shock reflections in the chamber,   an equilibrium pressure of about 

1070 tars and a temperature- of 2! 00 °K    would be attained for a loading 

density of 100 kg TNT/m3. 

In Ref 1 it was concluded that a detonation in a chamber with a loading 

density of 100 kg TNT/m5 will cause a shock wave of about 100 bars 

at the entrance to the neighbouring chambers.    If the loading density is 

increased to 200 kg TNT/m5 it was concluded that the a.r shock wave will 

have a strength of about 120 bars . t the entrance to th<> m»vt rh^mhof 
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It was farther expected that the air »hock will be  followed by the 

explosive qas-.-j   it   i temperature between 1000    K a.vi 1000    K. 

The duration of the pressure profile w>.ild be  of thi   order of one 

second,  while the temperature duration would be n..ny seconds. 

2 . 2 Previous experiments in underground tunnel  3y «.terns   tnd 

theoretical considerations 

Several calculations and experinmnts concerning shock propagation in 

straight tunnels and shock tubes have been published in the  recent years. 

However,   most of this work differs from th-    pr.s.-nt  study in  several 

ways:    less-than-full-size  smooth walled tubes with a simple geometry 

.ire considered,  and the absence of explosive gases is as. amed.    A theory 

that would account for the complex initial and boundary conditions,   all 

possible  reflections and diffractions of the blast wave,   and the er 

fluctuations caused by t*e shifting chenvcal equilibria,  would be quite 

unmanageable.    SovcraJ  simplifying assumptions have thus to be made. 

An approach to the problem made by D R Cur ran and D Hveding has 

presented in Ref 1.    An < xplodinp charge in a chamber will  set up a very 

complex system of reflected and diffracted shock waves which propagate 

in different directions.    The volume of the chamber and the mass of the 

explosive  gases contained within it is assumed to be l^rge compared with 

the mass of gas which passes through the outlet in the first short time porioc 

necessary for some reflections to take place in the chamber      The greatest 

pressure differences in the chamber are now expected to be approximII 

lied out.    The pressure in the chamber is then assumed to be of the 

same order as the equilibrium pressure which would have been obtained 

if the chamber was closed.     This equilibrium pressure and temperature 

are calculated in Ref 9. 

The model is based on the assumption that the chamber is closed by  in 

Imaginary membran.    After several reflections have taken place,  the 

membran is allowed to burst causing i shock wave to propagate into the 

air of the branch tunnel (See  Figure 3.1) and a rarefaction wave to travel 

back into the explosive gases.    The explosive gas front thus acts as a 

piston supporting an air shock in front of it.    The air shock overpressure 



i . * stimated by finding the  intersection of the explosive  gas  idiabat 

the Hugoniot cui-e of ur. 

In Ref 11  in information summary of blast pitt» rns in tunnels ;.nd 

chambers is giv» n.     The diti ire mainly based on shock tube expc rim«-..!? 

in the family of shock tubes at Ballistic  Research Laboratories.    In 

Figur.» 2.1a curve from Ref 11  is shown.    This curve shows the meiden: 

3hock overpressure versus the transmitted shock overpressure  for 

a "T" junction in tunnels with equal cross section areas.     The curv • is 

supported by experiments up to about 10 bars and is accordingly   m 

extrapolation for higher pressures.     This curve predicts an   ippreciabte 

reduction in the blast wave pressun 

In Ref 12 and 13 shock propagation through channels and ducts is studied. 

Some theoretical calculations based on simplifying assumptions and 

experiment ll values are presented.     The pressure are.   however,   sm ill 

and the particular kind of junction of interest for the present study i 

included.    Nevertheless,  it is clearly demonstrated that a shock wave 

which propagates through a smooth channel with a cross   section are . 

increase,   decreases in strength ind vice versa. 

Shock waves which propagate  through i "T" junction will be  assumed to 

decrease in strength according to Figure 2.1.    If the shock waves in 

addition experience a   ;ross section arei increase,   a greater decrease 

in the shock strength should actually be the  result. 

Workers at Ballistic Research Laboratories (Ref 10) hive obt lined 

for the propagation of shock profiles in a variety of tunnel systems. 

Their dava were taken  from  smooth vailed tubes of diameters  nn^.m» 

from i few inches up to four feet.     The attenuation of the  peak pres 

in a long straight and comparatively smooth tunnel was  found to be 

scribed by the formula: 

(P-l)= (Prl)exp    s  -<5 +  f   )KX    \ (*•*) 
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whrr • P is the p. :k pr.^gurv in atmospheres a distance X from a point 

whore »he profil. his \ rn- \k pressure ot P. itmospheres and 1 duntion 

of T. seconds.    D is the tunn.l diameter.    K is given by 

K= s- 'J + C 

• 

where 5 is tho   iir 3hock velocity,   U is the par tu l<   velocity behind the 

\\r shock front and C is »he  sound speed behind th     iir shock front. 

Tho parameter o*   is  ir. experimentally ^t^rmin   . parameter with 

dim. nsions of velocity.     For smooth walls  RR: that 

a   = (2.93 r>.  + 0.262) m/s,   P.  is <;iven in at.-nospV   r   s. 

The duration T.  is defined as shown in the  sketch below and is determined 
l 

by the  slope of 'he  pre ssure - time  profile close  to th     peak pressure. 

Sj 
(A 
u 

"    T, Time 

If the curve is exponential (P = P c 
max 

T. is equal to the time constant T. 

-t/T ),   then a can be shown that 



mm 

KX 
In formula (2.1) it can be shown that the   -=-—term In the exponential 

i KX 
is du»   to the ovv rtoking rarefaction waves.    The or   -jr-   U.rm is an 

experimental term designed to account for .ill irr   .    rsible IOST.S, 

which will be . r! itrarily called "viscous" los: 

It on be seen that the form of Equation (2.1) is unfortunate in the case 

of low pressure,   since in that case K— 0,   and the  formula predicts 

no d.rnping,  whereas in fact we might still expert viscous losses.    For 

high pressures,  it can also be  seen that K — 0.    This is not import mt, 

however,   w'thin the pressure  region which is of interest her» . 

It should also be mentioned that in Equation (2.1) the term   .=:      for long 

durations and for sufficiently high pressures can be small compareJ 

with the term   =   =   —fz—  P^ ♦   —*"Bj—   .    This is in accordance with the 

expected behaviour when "a flat" pressure pulse propagates through 

the tunnel.     The attenuation is then more likely due to the "viscous" 

losses than to rarefaction waves overtaking from behind. 

3 EXPERIMENTS 

3.1 Object 

The specific objectives of the trials to be described in the present report 

were to measure the blast waves and the temperatur.   distributions in 

a tunnel when a detonation occurs in an adjoining chamber*. 

3 . 2 Description of experiments 

3.2.1        Experimental procedur 

The experimental procedure consisted in detonating explosiv.' char«» s in 

? chamber. To achieve high-pressure loads on a blast door, reported in 

Ref (6),   charges we r •  also fired .it the end of the tunnel. 
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3.2  2 Tunn« I by stem 

\    horl tunnel - 30 m long - «xisted before thesi   truis w< re planned. 

This tunnel rif tened   md two side chimbcrs connected ic »h^ 

tunnel w. r*.  constructed   is shown in Figure   3.1       The branch piss . 

w\y had i cross Sv c tion irei of t .4 m4* whereas th«- transport tun u i 

wis *>. 5 m   .    The volume of the detonation chamber wis 31 m3. 

Th«    tunn« I  syst.m c in wry  roughly be considered  is   i h Uf BCalc 

!.. 1 »>f i typical Norwegian underground storage  sit-- 

The will«  ind roofs in th«   two chambers were covered with gunite 

(sprayed concrete). 

The blast door m. ntion.-d,  wis installed it the inlet of l measurement 

ch imbi' r. 

total detonation chamber overhead cover was about 43 m.    It turned 

out,   how.-v. r in this area was much deeper than 

. xpected sn th   thickness of rock w is only 5-6 m.    The strength of the 

roc k was not very high du«; to several cracks which existed when the 

trins 81 irted,    md which w^r^   «I served to be extended after each shot 

in the c ham be r 

3.2.3 Mr lsuri'mmt  find  r< cording in strum'.ats 

The positions of the meisurenunt stations (m st) numbered from 1 to ° 

can be s.-. n it Ti^ur,   3.1  md Figure 3.2.    Six measurement stations 

numbered from 3 to 3 wer«,   situated in the  roof while measurement 

st ition 2 wis situated in the  foundation be side the door.     Me isun m«, nr 

-»  i  wis instill   d in the chimb« r behind  the door. 

^ich measurement station was equipped with i pressure time giuge and 

a the rmocoupl- . 

The thermocouples w« rrj °hiiips thermocoax 2 ABAc which could 

m«  '.sir.   temperatures up to 1200    C     The response time of i thermo- 

couple  is i function of the  particle velocity past th«.   function.    The  respons« 

time in mil HSec and8 for these th«-rmocouol« s tn< ronno* from ?nn t,, 
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T*icloc»ectrie p time transducers were asid for the pressure 

surem« ntr.    In the tunn<l   KiStler   701  H transducers w,. rv  Installed 

while  l more  Sensitive Atlantic  Research Corporation piezoelectric 

gauge LC 13 V/.19 mcunti' 1 in the chamber behind the door ( m st 1) . 

The KistLr 701 H <: luge hid a s. nsitivity of 80 pc/it.   a resonant 

frequency of 65 kHz.   and could moisuro pressure up to about 600 bars. 

Th     I C 13 gauge hid a sensitivity of 500 pc/psi c.id could me i 

pressur..   u~ to about 1* bars. 

An install \tion in the roof is rhown in Figure 3.3. The same instru: 

holder WT used in roe lsurt rm-nt s:ation 2. The cables from the gauges 

ran through drill I U • tG the surhcv.. In the me isur-m.nt chamber 

behind the loor I different instrument hoider bolted to a concrete plat- 

form was applied. The cables from measurement station 2 were led 

through a drill ho\ \v the ceiling of the measurement chamber up fo 

the surface. 

The signals from the thermocouples were recorded by a CEC-galvanomete r 

oscillograph.    CKC 1 - 343 nalvinomctcrs were   applied which had a flat 

frequency range of 0 - 200 Hz and a sensitivity of 0, 165 in/mV. 

The pressur.    gauge j were connected to charge  amplifiers with a 

frequency range of 0-150 kHz. 

The recording instruments were Ampex FR 1300 tape  recorders with 

a frequency response from 0 to 20 kHz. 

The  ampli.ii'rs were placed above the measurement chamber on a 

90ft mat to avoid disturbances from the ground shock.     Thv    r   cording 

instruments were placed a distance of ahou*. 200 m from the amplifiers 

in a recording station. 

Experimental difficultie s 

Disturbances caused by the ground shock are  an inherent difficulty in 

underground trials.    Noicj caused by the ground shock was present *i 

some pressure records.    Usually it damped rapidly out before pressures 

were measured by the gauges. 

• 



• 

- 11 - 

The cable loading from measurement station 2 to its amplifier wab 

in most cases ftf&cted by the ground shock during the triila and sot 

into mechanical oscillations.    The pressure time history recorded at 

this stition ib therefore less reliable.    The pressure rise d:. 

arrival of the blast wave should,  however,   be negligibly affected. 

Instrument hoiiers as shown in Figure 3.3 were mounted in the roof 

to protect the gauge* in the tunnel.    As an undesired consequence,   the 

fluid velocity p^st the junction wns too low to provide  sufficient 

response of the therrr,r.coup'es . 

3 . 3 Experimental  results 

3.3.1 Explosive charges fired 

All charges consisted of cast TNT blocks.    An outline of the shots 

i is given in Tibh. 3.1 below.    The positions of the charges, 

the distance from « ac!t charge cento»* to measurement station 3 

ahead of the door,     nd the height   lbove the  floor can also be 3een 

from the table . 

Shot Charu. Place Distince to 

weight m  <3f 3 

kg 

1 100 Tunnel 1 °   90 m 

2 100 " M 

3 100 Char: 21.15 m 

4 301 ii 21.20 m 

5 298 M u 

6 294 Tunnel 1*.90 m 

7 999 Charnbi r 21.70 m 

P 1003 Tunnel 21.85 m 

9 1001 M 17.6R m 

10 5426 Ch. mber 21.90 m 

Distance from 

charge center 

to floor 

1.40 m 

it 

1.00 m 
i» 

0.50 m 

0.75 m 

0.5f m 

Tiblc 3.1   Shots fired 

TVio fi\ 
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3.3.2 Calculated pressure based on the  irriv.il times 

The time for the blast wave to irrive it the respective mcisur„merit 

sti tions wis measured.    The number of measurements for each shot 

vari* d from 4 to 6.    The data are presented in Table 3.2.    A smooth 

curve was then fitted to the arri *al time distance data by the method 

of least squares.    A discussion of choice of curves and method of 

calculation is given in Ref (14).    The shock arrival time versus distance 

irom the charge obtained by curve fitting to the measured data can be 

seen in Figure 3.4 and Table 3.3.     It should be mentioned thit the 

time o( trigger wis lost for shot 4,   5 ind 7.    For these shots the 

arrival time  it measurement  "tation 3 wis irbitririly chosen is 

20 ms.    The curves were differentiated ind the blast wive velocity 

obtained.    The    elo:. ity ind the appropriate Rankine-Hugoniot relation 

determine the blast wave pr.ssur.- along the tunnel. 

Pressure-distince curves could either be bised on the distance from 

the charge or from i fixed point in the tunnel,   for instance m st 3 . 

Both type of curves,   where pr.   ;surc means the absolute pressure 

(chock overpressure plus atmospheric pressure),   %tc presented in 

Figure 3.5 -  3. <"!. 

3.3.3 Measured pressure 

The pressure records from measurement stations 2-8 are presented 

in Figures 3.9 - 3.23.    The pressures calculated from arrivil time 

data ire also shown on the  records.    It should be noted that thn   diff^renc 

in the cilculited pressure between measurement stition 2 and 3 du 

their position ilon<i the  tunnel is small,  and the calculated prcssur* s f   r 

mcisurement stition 3 are therefore also indicated at the  records :'■ 
measurement stition 2.    The pressure records presented,   ire tr 

from the original records and some loss in quality miv therefore be 

expected. 

The quality of the me isuroments wis not constant for   ill  shots.    Drift 

in the zero adjustment can he seen on records from the first five »hotc. 

This difficulty was avoided for the  later shots.     The precision of the 

II 
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measurement chain was estimated to about 10 % .    The initial valut 

the pressure curves are thus expected to be oi a similar precision. 

The precision of the pre S sure -time history is also expected to bo quit, 

good when the zero adjustment of the amplifiers is proper.    The pre- 

cision at later stages of the pressure records may,  however,   be 

slightly reduced due to heat exchange from tht   explosive gases to th : 

gauges.    In view of the uncertainty in the interpretation of the pressure 

curves,  the precision is considered to be sufficient. 

The pressure-time history recorded from measurement station Zwas. 

generally of poorer quality thin the pressure measurements   it   >tfc   r 

stations.    This was due to vibrations in the cable leading to the gauge. 

Several attempts to prevent this were not successful.     The   records 

from measurement station 2 are presented,   however,   because the r 

rise in pressure due to tht   arrival of the  shock front is assumed to be 

relatively unaffected by the induced disturbance in the cable. 

The pressure  records from shot 10 differ from records from the previ 

shots.    "Hie overhead cover of the detonation chamber was not of good 

quality and suffirn-nt thick to contain the  effects of this shat,   and a 

crater was formed.    As a consequence the pre ssure-time history in 

the tunnel was highly affected by a decrease in the duration.    The 

"piston" « Cfcct supporting tht   shock propagation will he weaker than in 

a contained detonation      Accordingly th*   attenuation of th«. blast wav< 

will increase more with   list mcc   along the  tunnel in this c »St .     Anothe r 

effect from the blow-through was that the amnlitiers and cables   it t' 

surface were exposed to considerable disturf ances by movim    - 

the crater which broke cables and burried the  amplifiers.    Nevortl i Les«», 

as a crater formation takes some time,   the pressure-time  history 

recorded at m ?t2 and 3 within the first 10 milliseconds is likely to 

be unaffected by the  formation of i crater. 

3.3.4 Discussion of pressure records 

Pressure records from pressure measurements in the open are 

approximated by exponential curves.    Pressure curves from measun - 
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monts of the snock wave propagation in amocth pipes and in shock tubes 

may also frequently exhibit exponential shape.    The pressure  records 

presented here Hiffer in some respects from  exponential shape.    They 

start with the ordinary steep rise at the initial stage due to the shock 

front,   immediately followed by some high and narrow spikes behind 

which broader spikes takr> place before the curve starts t:> smooth out 

as the overpressure decreases. 

In previous experiments in underground tunnel systems (Fief l) the 

pressure-time elapse was observed to be somewhat different from 

what is observed here.    A 'ow pressure precursor followed by Several 

peaks of higher pressure was measured,  and the shock velocity usually 

was in agreement with the low pressure precursor.    It was thought that 

the low pressure precursor was due to the spherically expanding part 

of the original blast wave,  which at the moment was not overtaken by 

the higher pressure waves which were built up from behind through the 

process of multiple reflections from the walls. 

According to this conception it follows from the initial parts of the 

pressure curves,   Figures 3.9 - 3.23,   that the measurement stations 

have been at sufficient distance from the charges to 'et the higher 

pressure waves due to multiple reflections,   overtake the expanding 

part of the original blist wave. 

It is then likely that the blast wave following a detonation in the tunnel 

system consists of a relatively plane shock wave moving along the tunnel 

axis,   superposed by a great number of waves generated by the process 

of multiple reflections and diffractions with the irregular walls in the 

tunnel.    The calculated pressure based on the arrival times should then 

approximate the plane shock wave component,which may frequently 

have  a lower value  than the total peak overpressure felt by the gauge. 

Local geometrical irregularities may also be  responsible for some of 

the anomalies <">f the pressure records.    As an example consider 

measurement station 3.       Figures 3.2 and 3.24 show the position of the 

station.    During the excavation of the measurement chamber a mass of 

heavy rnck in the roof ahead of the chamber    Inlet fell down.    To mrunt 

I» 

<l» 
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the stition it the Level of the roof profile a   protruding concrete foundation 

w.i9 made.    No calculation c in be made to show the Influence of this to 

the  recor-is      But the  records from tnis station exhibit stronger oscil- 

lations at the initial stages thar records from other stations in the  roof. 

The  records from this station   ilso   exhibit higher peak pressures thin 

records fr<>m measurement station 2. 

The measure 1 ,    ik pressure is according to the previous discussion 

expected! to be equal to or greater than the cilculited pressure (derived 

from arrival time   iita).    The maximum side-on pressure in the blast 

wave should generally be bounded by the calculated pressure   md th, 

pressure felt by th.   gauge.    "vhen an appreciable difference exists between 

the measured peak pressure and the Calculated pressure,  the side-on 

pros sure in the bl ist wave may be  approximated by smoothening the 

pressure curves to for example an exponential shape by conserving th-; 
-rea under the  .urve. 

Accordingly the pressure curve« presented here will be interpreted 

in the Tollowing ways: 

1) The maximum pressure c \n be taken directly from each curve 

when some care is taken to avoid spikes which do not contain 

an appreciable area.    Such spikes could possibly be due to local 

disturbances near the gauge iad to noice in the measurement chain. 

2) The curves can be    moothened to an exponential shape so that the 

areas under the curves are approximately conserved. 

The blast waves from detonations in the chamber were of main importance 

for the purpose of this report.    Some shots were,   however,   fired at the 

end of the tunnel particularly to expose a blast door to high pressure blist 

wave loads (Ref 6).    These shots are also included in Table 3.1.    A look 

at the figures containing the caleu'ated pressure (Figures 3.5 -  3.P) and 

the pressure records (Figures 3.9 -  3.23) demonstrates that the measured 

pressures from shots of equal charge size fired in the chamber and in 

the tunnel are different. 
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At m at 3 the peak pressure of the blast wave following a charge fired 

at the end of the tunnel is considerably greater than the blast wave 

following a similar charge fired in the chamber.    This difference se   ms 

to increase \*ith the charge size. 

Blast waves from charges fired at the end of the tunnel tend to be of 

shorter duration compared with similar shotu in the chamber as the 

pressure records exhibit a more rapid decay with time.    Pressure- 

time histories from tunnel detonations also tend to have smoother 

pressure profiles than the pressure profiles following chamber deto- 

nations.    This is frequently the   :ase for pressure records from m st 3. 

Interesting differences are observed vhen we compare the pressure d   ta 

from shots 8 and 9.    The charge fired as shot 8 was  irranged in a stack 

close to the end wall of the tunnel,   Figure 3.25.    This shot resulted in 

several cracks in the tunnel walls and the roof near to the charge.    For 

safety reasons the following shot was fired about 4.2 m from the end of 

the tunnel (Table 3.1). 

The difference in peak preasuro is considerable in this case as dis- 

played for example on Figures 3.6 and 3.8.    The attcni'^tior differs 

also between the two shots as the blast wave propagates through the 

tunnel.    The peak pressure in the blast wave following shot 8 is much 

greater than the corresponding pressure following shot 9.    The peak 

prcsiiure in the blast wave following shot 8 attenuates stronger than 

what is the case after firing shot 9,  and it decreases belojv the corre- 

sponding peak pressure in the blast wave of the following shot near 

the end of the tunnel. 

3.3.5 Pressure duration 

Both the definition and measurement of the pressure duration introduc- 

difficulties.    Some of the pressure-time profiles measured here can 

approximately be considered to have triangular shape.    Frequently, 

however,   it is better to approximate the pressure curves by an expo- 

nential curve at the initial stage.    It follows that the term duration 

would mean something quite different in the so two cases. 

« 

# 
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Consequently,  the term duration must be defined to be meaningful.    But 

the duration according to   i definition can not be found independently of 

how the pressure curve is read "nd the side-on pressure assigned to the 

blast wave i3 derived. 

Accordingly any set of vilues of i duration will contain great unco min' 

A set   >f such data will further not provide any measure of time in which 

appreciable pressure can be measured.    The term duration is not 

particularly useful,    ...d It is thus hard to find suppoit to present a set 

of such data from the pressure records. 

3.3.6 Temp   r.iture measurement! 

As mentioned elsewhere,  the thermogauges at each measurement st 

in the roof were locatv d in .^n installation which is shown in Figure 3.3. 

The installation provided necessary protection of the gauge from the 

blast wave».    A3 in unclesired consequence,  tlie   fluid velocity past 

the junction \vn too low to provide sufficient sensitivity of the gauge. 

Temperatur«! deflection   was   recorded  it the galvanometer oscillograph, 

but the maximum tjmperMare measured was far too low,  and no cor- 

rection can be piven.    The temperature ma^r, rmnts were thus un- 

successful.    The temperature lecords following shot 7 are as an 

example saown in Vipure 3.27. 

4 COMPARISON OF THEORY AND EXPERIMENTS 

4 . 1 Tentative COT  *-ti' n ■•( th«    PRL dati 

The exponent in Tiq 2.1 contains the factor a = (2.93 P~ ♦ 0.262) m/s 

which was experimentally determined in smooth willed tubes. 

The experimental constants rn the expression for a,   Eq 2. 1 will h 

be tentatively adjusted according t<< the present condition with rough 

walls etc.    The value of a obtained that way will then be applied to 

the   model     previously described to predict the pr. ssurc in similar 

tunnel systcmr,. 
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Thi- experiments of the present trials differed from those of BRL in 

two important respects: 

1) The presence of hot explosive Rase«* in the tunnel 

2) The roughness of the turnel walls 

As stated earlier the term containing or was designed to tike account 

of all the irreversible losses.    Accordingly it is expected that the 

experimentally determined constants contained in at would have been 

different if the walls in the shock tubes had been rough.    The constant 

multiplied by P, in the expression for a contributes more to a than 

the additive constant does even for moderate pressures,   so the latter 

will be neglected here. 

It wis previously discussed why the pressure duration was difficult to 

iccount for.    A definition of the pressure duration,   as the time for the 

pressure to drop   to i/e of the maximum vilue,   applied to these curves 

might result in values in the ringe of 20 -  100 ms.    An inspection of 

the exponent in Eq 2. 1  shows that the term containing a may particu- 

larly for blast wives of higher pressure and long duration in a tunnel 

with rough walls,  dominate the term      containing l/T..    It is there- 

fore worthwhile to see if the pressure data can provide support to 

this assumption. 

P    ind P2 represent the calculated pressure at measurements station 

3  ind 7 respectivc.'v,   in Table 4.1 below.    The j.-ak pressures from 

the records according to interpretation 2 might in principle as well 

have been chosen. The peak pressure   is,  however,  not as well defined 

as the calculated pressure.    This is unfortun ite as the term 

( =  + l/T   ) appears to be sensitive,  when it is calculated,  to uncer- 

tainties in the pressure data.    S    and S2 in the table are the distances 

respectively,   from the chirge to measurement station 3 and 7. 
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Shot 

bars m bars 

2 + i 
D   T1 

-i 
m 

D -2.65 m 

Tabic 4.1    Tentative correction to the "viscous" term in the 

BRL formula 

2 
?, 
m 

s bar 

10 c 21.1 21.90 8.0 60.65 176 22 

7 C 6.4 21.20 3.7 59.95 64 2b 

4-5 C 4.6 21.20 2.9 59.95 50 29 

3 C 4.4 21.09 2.1 59.74 91 55 

9 T 24.2 17.60 8.3 56.35 207 23 

8 T 34.0 21.85 8.0 60.60 332 26 

6 T 15.1 18.90 5.3 57.65 170 30 

2 T 6.0 18.90 4 1 67.65 62 l\ 

The calculation of ( -  + x,    ) i3 based on Eq 2.1 and data presented in 
i 1 ot the table.    when it is assumed that   ;=,. can be ignored relative to ^, 

the ratio   •=.      can be calculated and incorporated in the table. 
Pl 

An inspection of Table 4.1 shows that the ratio   ^    is in the range cf 

20 - 30 for the 300 kg.   1000 kg and 5400 kg shots which provides some 

support to the assumption.    If durations in the range of 3 - 3 5 rr.3 arc 

assumed with shorter duration to higher pressures,  a significant 

decrease in the values of   ^   ,  presented in the table is attained. 
1 

A greater number of measurements and shots than attained in these 

trials is necessary,  however,  to verify these ideas.    Nevertheless, 

if we ignore the term   -=,   and apply as an effective value   •=,   -   20 

for shots fired in the chamber,  a conservative estimate of the atte- 

nuation would be the result for higher pressures. 

4 .2 Data obtained from the theoretical model 

The detonation chamber is assumed to be closed and its initial pressure 

depending on the charge density is calculated by the methods of Ref (9). 

The results arc presented in Table 4.2 (page 2?) for actual shots and 

charge densities. 
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The air shock which propagates into the branch tunnel is then calcu- 

lated by finviing the intersection between the t?as adiabat for the explo- 

sive gas and the Hugoniot curve of air for each shot. 

This is done for y *  1. 3 and y =  1.5.    The first value of y is to be 

applied for moderate pressures while  y = 1.5   is supposed to be an 

effective value of y to account for real gas effects at higher pressures 

and temperatures.    The results arc presented in the table. 

The shocks which propagate down the  5 m long branch tunnel are 

assumed to attenuate according to the DRL formula with an effective 

value of   ^5  "   20 thus providing a conservative estimate of the atte- 

nuation.    Values for the blast wave peak pressure at the outlet of the 

branch tunnel estimated by this method are also presented in Table 4.2. 

These data arc finally applied to the extrapolated data of Ref (11) which 

are presented in F.gure 2.1.    The  results can be seen in the table for 

both values of y together with the measured peak pressure from measure 

ment station 3 which was the station situated nearest the junction. 

4 . 3 Discussion 

The theoretical model presupposes that the chamber is closed by an 

imaginary membran until equilibrium pressure is attained.    For a 

loading density of 100 kg TNT/m^ the equilibrium pressure  is esti- 

mated to 1070 bars.    As a comparison we will consider the blast 

wave from a centrally located detonating charge in a spherical chamber 

as the blast wave reaches the chamber wall.    For the same loading 

density the leading blast pressure at this distance i3 250 bars.    This 

shows that the wave front has a much lower pressure than the gases 

behind which have a maximum pressure probably well above 1070 bars. 

It is then also clear that a classical shock front with both a uniform 

decaying pressure-time   history and a unüorm decaying pressure- 

distance distribution is not yet formed at this stage.    The comparison 

indicates,  however,  that the model is a fair approximation of the 

actual phenomena. 
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The use of the extrapolated curvj in Figure 2.1 represents some 

uncertainty.    More important is probably the fact that the cross 

section area of the transport tunnel is twice the size of the branch 

tunnel.    The attenuation of the blast wave in the "T" junction seems 

therefore to be underestimated. 

Some attenuation of the blast wave will also occur during its travel 

from the  »unction to measurement station 3,  which represents a 

distance of 11 m. 

A disturbing factor is the reflection of the blast wave it the end of 

the transport tunnel,   which would increase the peak pressure of the 

a> tual wave compared to that of the r\odcl.    It doec not seem likely, 

however,  that this effect is appreciable at such a short range as the 

distance from the junction to measurement station 3. 

Table 4.2 shows a fair agreement between the measured peak 

pressures according to interpretation 1 and those obtained by the 

model using v   =1.5.    It may therefore be expected that the model 

could also be used with some confidence at higher loading densities 

where experimental data are lacking.    This has been done in   Table 4.2 

for the loading densities 200 and 27C kg/m   . 

It is obvious,  however,  that considerable uncertainties are involved 

in the methods used for the theoretical calculation.    Also the experi- 

mental data should be regarded with some suspicion,  particularly 

at the shortest distances,  where unpredictable reflections and re- 

fractions may cause a very irregular propagation of the blast wave 

with great local variations of the blast pressure.    Previous trials 

(Ref l) indicated higher pressures than those reported here.    Evon 

if the present results are thought to be moro reliable due to an im- 

proved measurement technique,   it is nevertheless felt that some 

consideration should be given to the previous results.    It is there- 

fore suggested that the present values of the side-on pressures should 

be multiplied by a factor of 1. 5 to obtain an estimate of the upper 

limit of the shock strength for the various loading densities. 



i^'-" ~~^~^~imm^mm |   im 

- 22 - 

The modo I exhibits some- properties which should be noted. 

The blast wave attenuates while it propagates through the branch tunnel. 

This can be seen from Table 4.2 for both values ofy.    Table 4. Z also 

reveals that the attenuation increases with pressure.    Eq.  2.1  showo 

that the pressure attenuation also increases with increasing length and 

reciprocal diameter of the branch tunnel.    Rough walls contribute in 

the same direction.    Tie numberb in the paranthesis indicate as an 

example what to be expected when the c ross-Section area of the branch 

tunnel is 5 m^. 

Further attenuation takes place as the blast wave propagates through 

the junction connecting the branch tunnel and the transport tunnel. 

The data presented in Figure 2.1 are given for tunnels of equal cross- 

section areas.    An increase in the ratio between the cross-section 

area of the transport ;»nd the branch tunnel would provide a greater 

pressure decrease than indicated by the data of Figure 2.1.     For the test 

site this ratio is 2.     For an actual underground etorr-»<*e site a greater 

ratio might be favoured. 

Table 4.2 shows the total effect of these phenomena as estimated by the 

model. 

. 

For a loading density of 100 kg TNT/m    we can see that the pressure 

undergoes a total decrease of about 50 fo while it propagates through 

the branch tunnel and the junction into the transport tunnel*.    This 

demonstrates that this connection between the chamber and the tran- 

sport tunnel constitutes an effective blast trap. 

CONCLUSION 

5. 1 Expected effects in a tunnel outside neighbouring chambers in the 

event of a mass detonation in a storage chamber 

In the full scale case and with a loading density of 200 kg TNT/m 

it is concluded that the air shock will probably be within the range 
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55 - 80 bars. If the loading density is reduced to 100 kg TNT/rn3 

the air shock overpressure at the entrance to the next chamber is 

expected to be within a range of 35 - 55 bars. 

The air shock wave will pass the entrance to a neighbouring chamber 

about 15-25 ms after the detonation.    The explosive gase» follow 

behind the air shock at temperature expected to be above 1000    K. 

Blast waves following shots fired at the end of the tunnel may within 

about 10 tunnel diameters from the charge have a peak pressure of 

3 to 5 times the peak pressure in blast waves from corresponding 

charge sizes    fired in the chamber. 

The peak pressure in the blast wave following a detonation of a 1000 kg TNT 

charge located close to the end of the tunnel is demonstrated to be con- 

siderably higher than the peak pressure in the blast wave following 

a detonation of a similar charge placed a few tunnel diameters from 

the tunnel's end.    The attenuation of the first mentioned blast wave is, 

however,   greater in this case so the peak pressure of this blast wave 

may with increasing distance    decay to a value below the peak pressure 

of the latter at corresponding  places in the tunnel. 

The term duration is not thought to be particularly useful to blast wavi:s 

in tunnel systems.     For a full scale detonation,   however,  the time in 

which an appreciable pressure is measured,  is    in the order of 1 second. 

Installation of blast doors,   as described in Ref (6),  at the entranc to 

the storage chambers in underground ammunitions storage sites similar 

to the test site,  will probably provide effective protection against th. 

air shock and the explosive gases to the chambers behind for loading 

densities higher than 100 kg TNT/m3. 
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Mvm 

Shot 2 

Shot 7 

tS - 

Shot 3 Shot 4 and 5 Shot 6 

Dist Time Dist Time Dist Time Dist Time 

m ms m ms m ms no ms 

IB.90 16.5 21.15 21.1 21.20 20.0 13.90 15.6 

21.10 29.5 31.35 3°.0 31.40 35.3 29.10 24.0 

39.10 43.0 59.90 93.4 41.40 52.1 39.10 36.8 

49.10 57.6 80.42 140.0 51.40 69.1 49.10 47.0 

59.95 84.5 57.65 

78. 17 

*7.5 

90. 5 

Shot 8 Shot 9 Shot 10 

Dist Time Dist Time Dist Time Dist Time 

m ms m ms m ms in ms 

21.20 20.0 21.85 15.5 17.60 11.6 21.90 18.9 

31.40 32.C 32.05 22.3 37.80 27.8 42.10 36.5 

41.40 48.0 42.05 30.2 47.80 36.0 52.10 44.5 
51.40 62.7 52.05 38.5 56.35 45.5 60.65 51.0 

59.95 75. R 60.60 

11.12 
47.1 

75.0 

76.87 71.0 81.17 80.6 

Table 3 . 2    Measured arri /al time distance data 



1 

Shot 4 and 5 10 

Distance Time Time Time Time Time Time Time Time 

m rns ms ms ms ms ms ms ms 

20.00 17.86 19.46 18.14 16.44 ie.13 14.65 13   27 17.71 

30.00 30.63 35.45 33.34 25.59 31.12 20.62 20.63 25.07 

40.00 44.33 53.42 49.52 36.26 45.18 28.01 29.15 33   52 

50.00 58.92 73.03 66.63 48. 12 60.25 36.93 38.86 43.11 

60.00 74.35 93.96 34. c.8 62.01 76.26 47.40 49.76 53.83 

70.00 90.57 115.95 103.30 76.93 93.16 59.41 61. M 65.68 

80.00 107.53 138.83 122.71 93.09 110.86 72.90 75.06 78.63 

St.   deviation 0.38 0.13 0.1 0.M 0. 50 0. 50 0.4 8 0.74 
< 

Function used for curve fitting : S/C-T = AQ f Aj  Ln (T+TQ) 

S = distance.   T = time,   C = sound velocity at 7 °C,   A0,   AJ and TQ are constants to be determined 

for each fitting 

Table 3.3    Arrival time distance data obtained by curve   fitting to the measured data of Table 3.2 

I 



i 1 | 
i y = 1 . 1 

MOr.EL — 
1 y = 1.5 

1 Charge Charge Initial p eak pressure at P uak pressure at Measure« i peak pressure 
Shot weight density pressure inlet of outlet of transport inlet of outlet of transport according according . calcu- 

chamber branch branch tunnel branch branch tunnel to inter- to inter- lated 

kg/m 

tunnel tunnel tunnel tunnel pret    I pret    II pressure 
kg bars bar 8 bars bars bars bars bars bars bars bars 

3 100 2 29 1C 9 6 10 9 6 5.5 3.2 3.4 

4 300 7 62 16 1 1 10 15 13 9 7.6 6.4 3.6 

5 300 7 62 16 14 10 *5 13 9 8.1 5.3 3.6 

7 1000 20 ISO 29 21(25) 17(16) 26 21(22) 15(16) 1.° 12.5 5. i 

10 S;GO 100 1070 69 50(55) 36(10) 58 13(17) 31(3-1) 32 20.1 

200 2900 120 7«(89) 56(61) 99 67(76) i9(5.) i 

270 1200 lii 90(103) 68(72)      j 117 76(87) 55(63) 1 CO 

• 

The cross-section area of the branch tunnel is 2.4 m   .    The numbers in the paranthesis indicate 

what to be expected if the cross-section area of the branch tunnel is 5 m 

/ 

I 

Table  1. 2   Comparison of model with measurements 

i 

I« 
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Figure   3.3    Measurement station situated  in  the roof 
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Fig. 3.10  Measured   overpressure 
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Fig 3 *3  Measured   overpressure 
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Fig. 3.17    Measured   overpressure 
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Shot  8 - lOOCkg TNT-Tunnel 
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Figure   3. 24      M.Msurcmrnt  station  J   .,:. 
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